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As a step toward understanding the assembly of the hepatitis B virus (HBV) nucleocapsid at a molecular
level, we sought to define the primary sequence requirements for assembly of the HBV core protein. This
protein can self assemble upon expression in Escherichia coli. Applying this system to a series of C-terminally
truncated core protein variants, we mapped the C-terminal limit for assembly to the region between amino acid
residues 139 and 144. The size of this domain agrees well with the minimum length of RNA virus capsid proteins
that fold into an eight-stranded B-barrel structure. The entire Arg-rich C-terminal domain of the HBV core
protein is not necessary for assembly. However, the nucleic acid content of particles formed by assembly-
competent core protein variants correlates with the presence or absence of this region, as does particle stability.
The nucleic acid found in the particles is RNA, between about 100 to some 3,000 nucleotides in length. In
particles formed by the full-length protein, the core protein mRNA appears to be enriched over other, cellular
RNAs. These data indicate that protein-protein interactions provided by the core protein domain from the N
terminus to the region around amino acid 144 are the major factor in HBV capsid assembly, which proceeds
without the need for substantial amounts of nucleic acid. The presence of the basic C terminus, however,
greatly enhances encapsidation of nucleic acid and appears to make an important contribution to capsid
stability via protein-nucleic acid interactions. The observation of low but detectable levels of nucleic acid in
particles formed by core protein variants lacking the Arg-rich C terminus suggests the presence of a second
nucleic acid-binding motif in the first 144 amino acids of the core protein. Based on these findings, the potential
importance of the C-terminal core protein region during assembly in vivo into authentic, replication-competent

nucleocapsids is discussed.

The core gene of hepatitis B virus (HBV) (for a review, see
reference 7) gives rise to several distinctly different proteins.
p2lc, consisting of 183 amino acids (5), is the primary
translation product which assembles intracytoplasmically
into viral capsids (serologically defined as HBcAg). Alterna-
tive usage of the initiation codon of the pre-C region, a short
in-phase open reading frame directly preceding the C gene,
leads to a pre-C/C fusion protein which is sorted into the host
cell secretory pathway (21, 29) and, after several processing
steps, is found in the serum of HBV-infected individuals as
a nonparticulate protein of about 17 kilodaltons (HBeAg)
(15). Despite their markedly different antigenic and physical
properties, these proteins share a large stretch of identical
primary sequence from amino acid positions 1 to 149 (36). In
addition, a third, membrane-associated core gene product of
unknown primary sequence, which exhibits HBe antigenic-
ity, has recently been described (30).

One of the most striking features in the amino acid
sequence of HBV and related mammalian hepadnavirus core
proteins is the presence at the C terminus of an extremely
Arg-rich region (see Fig. 1B) which, on this basis, has been
postulated to have a nucleic acid-binding function (22);
nucleic acid binding to C-gene products, possibly indepen-
dent of this sequence, has been reported after immobiliza-
tion of the protein on nitrocellulose membranes (17, 23). A
structural model (1) for p21, based on a sequence compari-
son with several spherical RNA viruses of known three-
dimensional structure and on serological data about acces-
sible parts in hepatitis B core antigen (HBcAg) (28) suggests
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a close relationship of the HBV core protein with the capsid
proteins of RNA viruses. Many of these contain an amino-
terminal basic region which appears to be involved in correct
assembly via interaction with nucleic acid (33). HBV cores
show the same icosahedral architecture as many RNA
viruses, with triangilation number T = 3 (C. von Bonsdorff,
M. Cyrklaff, F. Birnbaum, M. Nassal, and S. H. Fuller,
unpublished data).

Interestingly, HBeAg, the second major core gene prod-
uct, lacks almost exactly the Arg-rich C-terminal region (see
Fig. 1B), which could explain the different properties of this
protein, especially its nonparticulate nature. Immunological
analysis of HBeAg (28) has indicated that the entire N-
terminal sequence, including the region around amino acid
140, is important for full e-antigenicity. Likewise, proteo-
lytic digestion of p21 (3, 8; R. Dalseg, Ph.D. thesis, Univer-
sity of Heidelberg, Heidelberg, Federal Republic of Ger-
many 1990) suggests that the first 140 to 150 amino acids
form a tightly folded, almost protease-resistant domain,
whereas the basic C terminus is easily clipped off.

On the basis of these data, we chose to study the influence
of the C-terminal region on capsid assembly by constructing
a series of C-terminal deletion mutants, ending with amino
acids R-164, V-149, P-144, 1-139, and P-138 (see Fig. 1B). In
this series the positively charged tail would be successively
removed, and the overall length of some of the proteins
would be limited beyond the minimal size (about 150 amino
acids [26]) expected for a capsid protein that folds into the
eight-stranded B-barrel structure commonly observed for
RNA virus capsid proteins. To simplify the analysis, we
constructed mutant C genes encoding only core protein-
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derived amino acids, since the influence of the newly created
terminal regions in previously described core protein fusion
variants (2, 18; H. Miiller, diploma thesis, University of
Heidelberg, 1986) is not easily interpreted. Since HBV and
HBYV capsids cannot be obtained in large quantity from the
serum or liver of infected patients or from transfected animal
cells, we took advantage of the fact that the full-length HBV
core protein can be efficiently expressed in Escherichia coli
(19, 22) and purified on the basis of its self-assembly capa-
bility, which is retained even in the absence of other viral
components. We expected that stable deletion mutants could
also be obtained in preparative amounts from this expression
system and thus be available for analyzing the contributions
of different regions in the core protein to capsid assembly.
The various core protein derivatives described here also
served as starting material for a structural analysis of the
HBV core particle by electron-microscopic methods. The
results of this investigation will be separately reported.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli NF1 (K-12AH1Atrp
[24]) harboring a defective \ bacteriophage genome provid-
ing the temperature-sensitive N\ cI857 repressor and E. coli
537 [C600(pcI587) (25)] were used for expression experi-
ments. Bacteria were grown at 28°C in standard I medium
(E. Merck AG, Darmstadt, Federal Republic of Germany) in
the presence of 50 pg of ampicillin per ml and 25 pg of
kanamycin per ml when appropriate. All expression plas-
mids were based on plasmid pPLC4-1 (19), which contains a
synthetic HBV C gene under control of the phage N p_
promoter.

Chemicals and enzymes. Chemicals for DNA synthesis
were obtained from Applied Biosystems, Weiterstadt, Fed-
eral Republic of Germany, and all reagents for sodium
dodecyl! sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) were obtained from Serva, Heidelberg, Federal
Republic of Germany. Agarose and low-gelling-temperature
agarose were purchased from FMC Corp., Marine Colloids
Div., Rockland, Maine. T4 DNA ligase and restriction
enzymes were obtained from Boehringer GmbH, Mannheim,
Federal Republic of Germany, and used as recommended by
the manufacturer.

Synthesis of oligodeoxynucleotides. All oligonucleotides
were synthesized on an Applied Biosystems 380B synthe-
sizer and purified as previously described (20).

Construction of deletion mutants. Core protein variant
1-149 was generated by replacing the Sall (nucleotide [nt]
420)-HindIII (nt 555) restriction fragment in plasmid pPLC4-
1 (19) by a synthetic oligonucleotide duplex deleting all
codons after position 149. The mutant C gene 1-139 was
constructed similarly by replacement of the Bsml (nt 405)-
Sall (nt 420) restriction fragment with a synthetic duplex
introducing a stop codon (TAG) at codon 140. Variants
1-138, 1-144, and 1-164 were created by changing codons
1-139 (ATC to TAG), E-145 (GAG to TAG), and R-165 (AGA
to TGA) into stop codons via the mismatched-primer method
(38) by using an authentic HBV genome (5) cloned in
M13mpll as the template. As mutagenic primers, synthetic
18-mers were used which, except for the desired nucleotide
exchanges, corresponded to the authentic HBV sequence.
Mutant C genes generated in M13 were transferred as Tagl
(nt 8)-Aval (nt 533) fragments into plasmid pPLC4-1 digested
with Clal and Aval (Fig. 1A). All mutations were confirmed
by direct sequencing of the expression plasmids with Seque-
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nase (United States Biochemical Corp., Cleveland, Ohio)
and appropriately located constituent oligonucleotides of the
synthetic C gene (19) as sequencing primers.

Expression and purification of mutant C-gene products. E.
coli NF1 or 537 cells were transformed with the pPLC
plasmids carrying individual mutant C genes. Overnight
cultures grown at 28°C were diluted and induced by shifting
the temperature to 42°C. After 2 h at this temperature, cell
lysates were obtained as previously described (19). Briefly,
cells were lysed with lysozyme-Triton X-100-EDTA. After
the lysates had been clarified by low-speed centrifugation,
core proteins were precipitated with ammonium sulfate (40%
saturation), and the resulting pellets were washed with 30%
saturated ammonium sulfate in 50 mM morpholinepropane-
sulfonic acid (MOPS) buffer (pH 7.0). The pellets were
suspended in MOPS buffer and subjected to sedimentation in
a 10 to 60% sucrose gradient (SW28 rotor, 25,000 rpm, 16 h,
4°C). Fractions were monitored for core proteins by direct
electrophoresis of aliquots on 0.1% SDS-15% polyacryl-
amide gels (12). Peak fractions were pooled, dialyzed over-
night against 50 mM MOPS buffer (pH 7), and subjected to
sedimentation on a similar gradient (SW40 rotor, 25,000 rpm,
2 h, 4°C) (see Fig. 2). Thereafter, the material was usually
nearly homogeneous. For purification of core proteins ob-
tained from cultures larger than 1 liter, a third sedimentation
under similar conditions removed most of the contaminating
E. coli material. The variant core proteins were designated
according to the position of their C-terminal amino acid
(e.g., 1-164 is variant 164). For an approximate determina-
tion of their sedimentation coefficients, a mixture of the
various particles was analyzed on a linear 5 to 20% sucrose
gradient by using ovalbumin (3.5S), thyroglobulin (19.4S),
and coliphage fr (82S) as markers.

Agarose gel electrophoresis of core particles and RNA.
Aliquots of sucrose density gradient fractions, or purified
particles, were analyzed on 1 or 1.4% agarose gels in TAE
buffer (16) containing 0.5 pg of ethidium bromide per ml.
Nucleic acid was detected by illumination with UV light.
Protein was stained with Coomassie blue R (Serva). Immu-
nological detection of HBV core protein was performed after
capillary transfer from the agarose gel to nitrocellulose
(Schleicher & Schiill, Dassel, Federal Republic of Germany)
with the core-specific monoclonal antibody c-312 (28).
Bound antibody was determined by using alkaline phos-
phatase-coupled anti-mouse immunoglobulin G and 5-
bromo-4-chloro-3-indolyl phosphate—p-Nitro-Blue Tetra-
zolium chloride (Biomol, Mannheim, Federal Republic of
Germany) as the substrate. E. coli total RNA was isolated
from uninduced or induced cultures by the hot-phenol
method (16).

For nuclease protection analysis, particles purified by
twofold sedimentation on sucrose gradients (10 to 15 pg of
protein) were mixed with 6 pg of E. coli 16S plus 23S RNA
(Pharmacia, Freiburg, Federal Republic of Germany) and 10
ng of a 5.5-kilobase plasmid in a total volume of 100 ul. One
third was incubated with 1 pg of RNase A for 45 min at room
temperature; one third was incubated with 1 U of DNase,
after addition of MgCl, to 10 mM and dithiothreitol (DTT) to
1 mM, and incubated for 45 min at 37°C. Reaction products
were analyzed on a nondenaturing 1.2% agarose gel. To
digest all nonprotected RNA, the gel was soaked overnight
in TE buffer (16) containing 20 pg of RNase A per ml.

Nucleic acid encapsidated in core particles was isolated by
incubating the desired amount of sucrose gradient-purified
cores at a concentration of about 0.1 to 0.2 mg/ml with 10 pg
of proteinase K per ml in the presence of 1% SDS for 30 min
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FIG. 1. Schematic view of the HBV C gene and the core protein. (A) Restriction sites in the C gene (19) relevant for the construction of
3'-terminal deletions are indicated. Numbers refer to the nucleotide position in the HBV C gene and follow the numbering system of Pasek
et al. (22). (B) Numbers on top refer to amino acid positions in the core protein; the dashed box represents the 29 amino acids encoded by
the pre-C region which is required for HBeAg secretion (21, 29); the major C-terminal HBeAg processing site is indicated at amino acid
position 149 (36). The shaded area represents the domain essential for assembly proficiency, the C-terminal border of which (lighter shading)
has been confined to the sequence between amino acid positions 140 to 144 (see text). The region from amino acid positions 130 to 183,
including the Arg-rich tail, is shown in detail by using the single-letter amino acid code; Arg residues are in boldface type. The upward arrows
indicate the location of the C-terminal amino acid in the truncated variants.

at 37°C. Subsequently, proteins were removed by extraction
with phenol, and nucleic acid was precipitated with sodium
acetate-ethanol. Pellets were washed in 70% ethanol and
dissolved in diethylpyrocarbonate-treated water. Northern
(RNA) blotting (10) was performed with two of the oligonu-
cleotides constituting the synthetic C gene (no. 8, antisense
orientation; no. 17, sense orientation [19]) as probes. The
oligonucleotide with antisense orientation differs at 27 of 50
positions from the corresponding region in the woodchuck
hepatitis B virus (WHV) C gene. Hybridizations were per-
formed at room temperature in hybridization mix containing
50% formamide, followed by several washes at room tem-
perature with 2x, 1x, and 0.5x SSC (1x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) (10). RNA size markers
were obtained from GIBCO BRL, Eggenstein, Federal Re-
public of Germany.

Stability of particles. Aliquots from sucrose gradient-pu-
rified core preparations (approximately 0.1 to 0.2 mg/ml)
were incubated in 1% SDS-100 mM DTT (final concentra-
tion) for 15 min at room temperature, then serially diluted
(1:5; starting at 1 ug/100 ul per well) into phosphate-buffered
saline containing 2% bovine serum albumin-0.05% Nonidet
P-40, and immediately analyzed for HBc or HBe antigenicity
by enzyme-linked immunosorbent assay (ELISA) (see be-
low).

Particle stability toward high pH was analyzed by diluting
aliquots of particles from variants 144, 149, and 165 and the
full-length protein obtained after two sucrose gradients (5 to
10 p.g of core protein) into 1 ml of 50 mM MOPS buffer (pH
7). To this solution was added 1 M NaOH in an amount
which had been shown to be sufficient to produce a pH 10 or
12 in the identical buffer without protein. After incubation at
37°C for 3 h, 1 ml of the reaction mixture was loaded onto a
sucrose step gradient consisting of 200 pl of 10% (wt/wt)

sucrose and 200 ul of 60% (wt/wt) sucrose and centrifuged in
a Beckman TLS-55 rotor at 55,000 rpm for 1 h at 20°C.
Gradients were fractionated from the top, and individual
fractions were analyzed for core protein by SDS-PAGE and
Western immunoblotting with rabbit anti-c/e antiserum.

ELISA. An HBcAg- or HBeAg-specific ELISA was set up
that uses a polyclonal rabbit anti-c/e antiserum bound to the
ELISA plate which recognizes all known forms of C-gene
products. After incubation with the antigen, HBc-specific
(c-275 or c-312 [28]) or HBe-specific (monoclonal antibody
03 or 158; M. Noah, unpublished results) monoclonal anti-
body was used to sandwich the antigen. Bound mouse
monoclonal antibody was detected by peroxidase-coupled
rabbit anti-mouse immunoglobulin G with 2,2’'-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS; Boehringer) as the chromogenic substrate.

RESULTS

Expression of HBV core protein variants in E. coli; primary
sequence requirements for assembly. The constructs encod-
ing the variously truncated core proteins were obtained by
introducing stop codons at the positions following the de-
sired C-terminal amino acid residue, either by restriction
fragment replacement in the synthetic (19) C gene (Bsml to
Sall for variant 139) or by use of mismatched primers (38) on
a complete HBV genome cloned into M13mpl1 as template
(for variants 138, 144, and 164). For variant 149, the frag-
ment between the Sall and HindIII sites in the synthetic C
gene was replaced by a synthetic duplex such that the coding
region from codons 150 to 183 was deleted (Fig. 1A). The
expected C-terminal sequences in the core protein variants
are indicated in the lower part of Fig. 1B.

For expression in E. coli, the mutated C genes were
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FIG. 2. Partial purification of particle-forming full-length and C-terminally truncated HBV core proteins expressed in E. coli. Core proteins
183 (A), 164 (B), 149 (C), and 144 (D), partially purified by ammonium sulfate precipitation and sedimentation on a first sucrose gradient (see
Materials and Methods), were subjected to a second centrifugation on a 10 to 60% sucrose gradient (SW28 rotor, 2 h, 27,000 rpm, 4°C).
Gradients were fractionated from the bottom (fraction 1) to the top (fraction 20). Aliquots were analyzed by SDS-PAGE. Only the region of
the gradients where particles would be expected is shown. Numbers on top of each gel indicate individual fractions; numbers on the left show
the positions in the gel of marker proteins of the indicated sizes (in kilodaltons). Numbers in the lower corners of each gel refer to the sucrose
concentrations in the first and last fractions shown. The arrowheads highlight the positions of individual core protein variants. The decrease
in sedimentation velocity visible from panels A to D was confirmed by determining the approximate S values of the individual particles (see

Results).

inserted into plasmid pPLC4-1, which had been previously
shown to efficiently direct the synthesis of the full-length
core protein (19). Crude lysates from induced E. coli cultures
harboring the corresponding expression plasmids were ana-
lyzed by SDS-PAGE and Western blotting. All proteins were
synthesized in amounts visible by Coomassie blue staining
and showed the expected differences in electrophoretic
mobility (data not shown). It should be noted that variant 149
was expressed reproducibly better than any of the other
variants or the full-length protein.

To investigate the influence of the C-terminal truncations
on particle formation, the proteins were partially purified by
ammonium sulfate precipitation, and subsequently subjected
to sedimentation on sucrose gradients (see Materials and
Methods). Variants containing 144 or more N-terminal
amino acids sedimented, at least in part, with a velocity

M.2.4.6.7.8.9.1011.12.13.14.1516.12.18.19.20.21. &

indicative of their particulate nature (Fig. 2). Direct evidence
for particle formation was obtained by electron microscopic
analysis of the fast-sedimenting peak fractions (von Bons-
dorff et al., unpublished). Core proteins 144 and 149 did not
yield clearly resolved peaks of particulate and nonparticulate
material, but rather showed a broad distribution indicating
an intrinsic instability of the particles formed by these
mutant proteins (data not shown).

In contrast, when the lysates from E. coli cells producing
variants 138 (Fig. 3) or 139 (data not shown) were fraction-
ated by sedimentation and analyzed by Western blotting, the
proteins were found exclusively in the upper region of the
gradient, indicating that no significant numbers of particles
had been formed. When ELISA was used to monitor core
protein in individual fractions, however, small amounts of
material exhibiting HBc antigenicity could be detected in the

i

FIG. 3. Core protein variant 138 does not torm stable particles. The lysate from an E. coli culture expressing variant 138 was loaded on
a 10 to 60% sucrose gradient (see Materials and Methods) and fractionated as described in the legend to Fig. 2. Aliquots were analyzed by
immunoblotting with a polyclonal rabbit anti-c/e antiserum. The only strongly reacting bands, besides several weakly stained background
bands, are variant 138 in fractions 17 to 19 near the top of the gradient and the full-length core protein (p21) included as marker. M, Molecular
mass standards; the 14- and 30-kilodalton marker proteins are unspecifically stained during immunoblotting. Core protein variant 139, in a
separate experiment, was found at the corresponding region in the gradient.
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FIG. 4. HBc antigenicity of particles from full-length and C-terminally truncated core protein variants is differentially influenced by
treatment with SDS-DTT. Equal amounts of purified particles from full-length and variant core proteins were bound to immobilized polyclonal

rabbit anti-c/e antiserum either directly (

) or after treatment with 0.1% SDS-100 mM DTT (-------- ), and their antigenicities were

analyzed by ELISA with HBcAg-specific mouse monoclonal antibody ¢-275 (28) as described in Materials and Methods. (A) Particles from
full-length core protein and variant 164 retain their ¢ antigenicity upon SDS-DTT treatment. (B) Particles from variants 149 and 144 lose ¢
antigenicity completely. The same result was obtained with HBc-specific monoclonal antibody c-312 (28). O.D., Optical density.

lower fractions of the gradient. The amount and purity of
these samples were insufficient for direct electron-micro-
scopic observation. The stable particles formed by variants
containing at least 144 amino acids, in contrast, could be
analyzed by cryoelectron microscopy, and were shown to
consist of 180 subunits, like those formed by the full-length
protein (von Bonsdorff et al., unpublished).

Stability of particles formed by core protein variants. HBV
nucleocapsids exhibit a distinctly different antigenicity
(HBcAg) from HBeAg, the second, nonparticulate gene
product of the C gene. Since HBcAg can be converted, by
denaturation, to ‘“HBeAg’’ (14), the presence or absence of
HBc- or HBe-specific epitopes may be used as a measure of
particle integrity. A sandwich ELISA based on an immobi-
lized polyclonal antiserum directed against both HBcAg and
HBeAg and different soluble mouse monoclonal antibodies
with either HBcAg or HBeAg specificities was used to
determine the antigenic properties of the various particles.
The full-length protein, isolated from E. coli as described
above, gave a response which was 2 to 3 orders of magnitude
higher with HBc-specific monoclonal antibodies ¢-312 and
c-275 (28) than with HBe-specific monoclonal antibodies 158
and 03, indicating that we had isolated largely intact parti-
cles. Upon treatment with 0.1% SDS-100 mM DTT, a
corresponding increase in the HBe response was detected
(data not shown), in agreement with earlier reports (14).
Variant 164 showed similar behavior, whereas variants 149
and 144 gave comparable HBc and HBe responses in their
native form. Such dual antigenicity has recently been de-
scribed for core protein derivatives similar to variant 144,
which contained foreign sequences at their N and C termini
(18, 34). Analysis of the HBc response upon treatment with
SDS-DTT revealed a distinct difference between the full-
length protein and variant 164 on the one hand and the
shorter variants on the other. Both longer proteins retained
their HBc antigenicity after exposure to SDS-DTT, whereas
variants 149 and 144 lost it completely (Fig. 4A). These data
demonstrate that epitopes recognized by the HBc-specific
antibodies are able to survive partial denaturation in parti-

cles from the longer but not from the further truncated core
proteins, thereby suggesting that particle stability toward
SDS is correlated with the length of the core protein and/or
the nucleic acid content of the particles (see below).

Direct proof for the differential stabilities of the particles
toward a different denaturing agent was obtained by high-pH
treatment of a mixture of purified particles from the full-
length protein and its truncated variants and subsequent
analysis of their sedimentation behavior. The reaction mix-
ture was layered on top of two-step sucrose gradients
consisting of a 10 and a 60% sucrose cushion. After being
subjected to pH 10 conditions, a large fraction of variants
144 and 149 did not sediment through the 10% sucrose layer
into the 60% cushion under the given centrifugation condi-
tions. Full-length protein and variant 164, in contrast, were
found exclusively in the bottom fractions of the gradient
(Fig. S5A). After exposure to pH 12, variants 144 and 149
were confined almost exclusively to the upper regions of the
gradient; a substantial fraction of variant 164 was converted
into slow-sedimenting material, whereas particles from the
full-length protein were still stable even under these harsh
conditions (Fig. 5B). As controls, aliquots of the individual
particle mixtures before high-pH treatment were subjected
to sedimentation in identical step gradients run in parallel
(data not shown). As noted above, particles from variants
144 and 149 appeared inherently unstable, in that even
without exposure to high pH, a fraction of these proteins
were not fast sedimenting; high-pH treatment markedly
increased this fraction. It should be noted that all protein
samples in these experiments had been obtained as the
fastest-sedimenting, i.e., particulate, peaks on the prepara-
tive sucrose gradients. These results indicate again that
particle stability correlates with the presence or absence of
the basic C-terminal tail.

The approximate sedimentation coefficients of the parti-
cles formed by the assembly-proficient core protein variants
were determined by sedimentation of a mixture of purified
particles on a linear sucrose gradient with ovalbumin, thy-
roglobulin and coliphage fr as markers. Variants 144 and 149
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FIG. 5. Particle stability at high pH correlates with the presence or absence of the Arg-rich C terminus. A mixture of purified particles from
full-length and assembly-proficient core protein variants was adjusted to pH 10 or 12 as described in Materials and Methods. Reaction
products were subjected to sedimentation on a two-step sucrose gradient. Core proteins were detected by immunoblotting. (A) Sedimentation
behavior of particle mixture after pH 10 treatment. (B) Particle mixture after pH 12 treatment. (C) Sucrose concentration profile in the seven
fractions of the gradient shown in panel A (fraction 1, top; fraction 7, bottom). The same profile was obtained for the gradient shown in panel
B. Arrowheads indicate the positions of the full-length and variant core proteins in the gel. Note that after pH 10 treatment, a large proportion
of core protein variants 144 and 149 does not sediment into the more highly concentrated sucrose layers, whereas the full-length protein is
found exclusively in the bottom fractions even after exposure to pH 12. As controls, aliquots of the particle mixtures before exposure to high

pH were run in parallel gradients (results not shown).

sedimented at 55S to 60S, in agreement with an empirical
formula derived for the sedimentation behavior of ordinary
proteins (37). Variant 164 cosedimented with coliphage fr,
allowing its sedimentation coefficient to be determined
rather exactly as 82S; the approximate s value for the
full-length protein was about 110S. These two s values are
distinctly higher than would be calculated for pure protein
aggregates of 180 subunits, and they are due to the nucleic
acid encapsidated in these particles (see below).

Nucleic acid content of particles from full-length and variant
core proteins. Sucrose gradient fractions were also analyzed
by gel electrophoresis in ethidium bromide-containing agar-
ose gels to determine whether the particles isolated from E.
coli contained nucleic acid. In addition to the expected
smear of differently sized breakdown products of cellular
nucleic acids generated during the sonication of the cell
lysates, a distinct band of ethidium bromide staining material
was seen in fractions of the gradient which also contained
core protein as detected on protein gels. To prove that this
band indeed represented core particles, the agarose gel was
blotted onto nitrocellulose and the membrane was stained
for core protein by a procedure identical to a conventional
Western blot with monoclonal antibody c-312 (28), which is
directed against the core protein. This blot showed clearly
that ethidium bromide and immunostaining detected the

identical band on the gel, indicating that the intercalating dye
bound to nucleic acid which is either strongly associated
with the core particles or possibly encapsidated during
assembly (see below). Qualitatively the same results were
obtained with all assembly-proficient core protein variants.

The availability of the agarose gel assay allowed us to
estimate the relative nucleic acid content of the different
particles by using a dilution series of particles from the
full-length protein for calibration (Fig. 6A). As a control, the
same gel was stained for protein with Coomassie blue (Fig.
6B). Whereas particles from variant 164 showed a similar or
slightly decreased nucleic acid/protein ratio compared with
those formed by the full-length core protein, the nucleic acid
content of the truncated core protein particles appeared to
be 10- to 30-fold lower (Fig. 6A, compare lanes 7 and 8 with
lanes 3 and 4). The nucleic acid/protein ratio in the different
particles could be approximated by using the classical War-
burg-Christian method (13). The measured ratios of A,gy/
A, (0.63 and 0.71 for two independent preparations of the
full-length protein, and 1.38 for variant 149) would indicate
nucleic acid percentages of about 10 to 15% for the full-
length protein and 0.9% for variant 149. Although a more
accurate determination would require knowledge of the
individual extinction coefficients of the protein and the
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FIG. 6. Nucleic acid content of core particles correlates with the
presence or absence of the positively charged C terminus. Aliquots
of purified full-length and truncated core proteins were analyzed on
a 1.0% agarose gel containing ethidium bromide; after detection of
nucleic acid (A) the gel was stained for protein with Coomassie blue
(B). Lanes: 1 to 4, serial dilution corresponding to approximately 10,
3, 1, and 0.3 pg of full-length protein per lane; 5 and 6, 10 and 1 g,
respectively, of variant 164; 7, 10 ug of core protein 149; 8, 10 ug of
core protein 144. Note that the amount of nucleic acid in lanes 7 and
8 corresponds approximately to that in lanes 3 and 4; i.e., the nucleic
acid/protein ratio in particles from variants 144 and 149 is 10- to
30-fold lower than in those from the full-length core protein or
variant 1-164. Note also that all particles show a very similar
mobility in the gel.

nucleic acid, these values agree reasonably well with the
staining pattern shown in Fig. 6.

These results show that the amount of nucleic acid asso-
ciated with or encapsidated in the particles depends largely
on the presence of at least part of the positively charged
C-terminal region. Small amounts of nucleic acid, however,
are also found with the particles formed by further truncated
core protein variants.

The observation of a very similar mobility of particles
from full-length and C-terminally truncated core proteins
during agarose gel electrophoresis (Fig. 6) suggests that this
property is not markedly influenced by the Arg-rich C
terminus. Given a similar diameter for all particles (von
Bonsdorff et al., unpublished), this result indicates that the
positive charges of the C terminus do not contribute in a
major way to the surface charge of the particle.

The nucleic acid associated with core particles produced in
E. coli is protected from degradation by nuclease and is
therefore encapsidated. To determine whether the nucleic
acid associated with the particulate core proteins is encap-
sidated, purified particles from the full-length protein were
mixed with excess 16S and 23S RNA from E. coli and with
plasmid DNA and then treated with RNase and DNase. The
reaction products were analyzed in the agarose gel assay
(Fig. 7) described above. Whereas the exogenous nucleic
acids were digested in the expected way, the nucleic acid
associated with the core protein was protected from the
enzymes (a slight decrease in ethidium staining was ob-
served for the RNase-treated samples). We conclude that
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FIG. 7. Nucleic acid associated with core particles is encapsi-
dated. Core particles from the full-length protein were mixed with E.
coli 23S and 16S rRNA and a 5.5-kilobase plasmid DNA and then
incubated with either RNase A or DNase I as described in Materials
and Methods. Reaction products were analyzed on a 1.2% nonde-
naturing agarose gel containing ethidium bromide. The arrows
indicate the positions of 16S and 23S rRNA; ccc-DNA indicates the
position of the covalently closed circular form of the plasmid DNA;
arrowheads point to the band corresponding to core particles. (A)
Lanes: 1, purified core particles; 2, mixture of core particles, 16S
plus 23S rRNA, and plasmid, no enzyme added; 3, as in lane 2 after
DNase digestion; 4, as in lane 2 after RNase treatment. (B) Same gel
as in panel A, but after overnight incubation in RNase A-containing
buffer. Note that almost all of the added rRNA has disappeared,
whereas the core particle-associated nucleic acid is still visible. The
slightly higher intensity of the core particle-related band in lanes 2
and 3 compared with lane 1 is due to some residual rRNA.

this nucleic acid is encapsidated inside the core particles.
The same results were obtained with particles from core
protein variants 164 and 149 (data not shown).

Core particles produced in E. coli contain RNA. The nature
of the encapsidated nucleic acid was determined by digesting
the capsid protein with proteinase K and subsequent phenol
extraction. When the liberated nucleic acid was analyzed on
a formaldehyde-containing agarose gel (Fig. 8, lane 1), a
rather broad distribution of ethidium bromide-stainable ma-
terial was seen with a mobility ranging from about 100 to
about 3,000 nt (compared with the RNA size markers M1
and M2). However, within the smear a prominent band of
about 830 nt and two larger species (around 1,600 and 2,000
nt) were clearly visible. The nucleic acid is sensitive only to
RNase (Fig. 8, lane 4), but not to DNase (lane 3), and
therefore represents RNA. In several independent experi-
ments, we have found no evidence for packaging of DNA,
although the isolated core protein, when immobilized on
nitrocellulose membranes, binds better to DNA than to RNA
(T. W. Hatton and D. N. Standring, personal communica-
tion). Since the mRNA transcribed from our expression
plasmid pPLC4-1 is expected to have a size of about 840 nt
(a 246-nt 5’ leader comprising A p; and MS2 replicase gene
sequences followed by the 560-nt synthetic C gene and about
40 nt of a synthetic transcription termination signal), we
suspected this band to represent the core gene mRNA. An
apparently even higher enrichment of a single RNA of about
the same size was seen when the nucleic acid isolated from
WHYV cores expressed in E. coli was analyzed on the same
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FIG. 8. Nucleic acid encapsidated in core particles isolated from
E. coli is RNA. Nucleic acid was isolated from purified HBV or
WHYV cores by proteinase K digestion and phenol extraction, as
described in Materials and Methods, and analyzed on a 1.2%
denaturing agarose gel. Lanes: M1, RNA size standards of the
lengths indicated on the left of the gel; M2, RNA size standards as
indicated on the right of the gel; 1, nucleic acid isolated from HBV
cores; 2, nucleic acid isolated from WHYV cores; 3, same nucleic acid
as in lane 1, but treated with DNase; 4, same nucleic acid as in lane
1, but treated with RNase. The apparent mobility shift of the major
encapsidated nucleic acid after DNase treatment (lane 3) might be
due to some minor RNase contamination.

gel (Fig. 8, lane 2). The expression plasmid, except that it
harbors the WHYV rather than the HBV C gene (M. Nassal,
unpublished results), is otherwise identical with pPLC4-1,
and an RNA of similar length should be produced upon
induction.

The C-gene mRNA is enriched over other RNA species in
core particles. To investigate whether the major individual
RNA species inside the core particles was indeed the core
protein mRNA, the RNA encapsidated in HBV cores was
analyzed on a Northern blot with a synthetic oligonucleotide
(19) as probe which is complementary to the HBV core
protein mRNA. This oligonucleotide differs at 27 of 50
positions from the WHc sequence. As controls, we used the
RNA isolated from WHYV cores expressed in E. coli and total
RNA from induced and uninduced E. coli cultures harboring
the corresponding HBc and WHc expression plasmids.

With this probe, a very similar pattern of RNAs was
detected in the nucleic acid isolated from HBV core particles
(Fig. 9A, lanes 3 and 4) and in the total RNA from the
induced culture harboring the HBV core protein expression
vector (Fig. 9A, lane 2). However, the uninduced culture
(lane 1) and all samples from the WHYV core protein-
expressing bacteria (lanes 6 to 8) were negative. Subsequent
staining of the nitrocellulose membrane for total nucleic acid
with methylene blue (Fig. 9B) showed that it was indeed the
major individual RNA species encapsidated in the HBV
cores (Fig. 9B, lane 4) that hybridized to the probe. Speci-
ficity of hybridization is demonstrated by the fact that the
nucleic acid isolated from the WHYV cores (Fig. 9B, lane 6),
although present in similar amounts to the nucleic acid from
the HBV cores (Fig. 9B, lane 4), did not hybridize to the
HBV-specific probe. An oligonucleotide probe recognizing
the HBV core gene sequence in the antisense orientation did
not detect any band, whereas a WHc-specific probe hybrid-
ized to the RNA from WHYV cores (data not shown). These
data demonstrate that (i) the bands recognized by the
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FIG. 9. In particles from the full-length protein, the core protein
mRNA is enriched over cellular RNAs. Nucleic acid contained in
particles from the full-length HBV or WHV core protein was
isolated as described in Materials and Methods and compared by
Northern blotting with total RNA isolated from the same E. coli
cultures. (A) Blot probed with a 50-mer oligodeoxynucleotide spe-
cific for HBV core RNA in the sense orientation. (B) Methylene blue
stain for nucleic acid of nitrocellulose membrane used to obtain the
Northern blot in panel A. Lanes: 1, total RNA from E. coli
harboring plasmid pPLC4-1 before induction; 2, same as lane 1 after
30 min of induction; 3, aliquot of nucleic acid encapsidated in
approximately 2 ug of HBV core protein; 4, as in lane 3, but with 20
ug of core protein; 5, RNA size markers; 6, aliquot of nucleic acid
contained in approximately 20 pg of WHV core protein; 7, total
RNA from an induced E. coli culture harboring a plasmid corre-
sponding to pPLC4-1, in which the HBV C gene is substituted by the
WHYV C gene; 8, as in lane 7, but before induction; 9, E. coli 23S and
16S rRNA. When an oligonucleotide of the opposite orientation was
used as the probe, no specific hybridization could be detected.

‘‘sense’’ probe depend on the presence of the correct
expression plasmid and on the induction of transcription
(i.e., they are not of E. coli origin) and (ii) the pattern of
core-specific RNA packaged in the core particles is very
similar to that found in the total RNA from the induced
culture harboring the correct plasmid. We conclude that the
major single species of nucleic acid found inside the bacte-
rially expressed HBV cores is the core mRNA.

DISCUSSION

The assembly of viral nucleocapsids is still only poorly
understood. The HBV core particle provides an attractive
model to study capsid assembly, for several reasons: (i)
hepadnaviruses are enveloped, in contrast to most other
viruses whose assembly has been studied so far; (ii) the
hepadnavirus core is one of a few capsids which, depending
on the stage in the virus life cycle, can contain RNA (the
viral pregenome) and DNA (the partially double-stranded
DNA genome in mature virions); and (iii) hepadnavirus
cores are built from a single species of capsid protein which,
although not easily available from the native source, is
accessible in preparative amounts by heterologous expres-
sion and does not require the presence of other viral com-
ponents for assembly.

Since the purpose of any virus capsid is to provide a
protective container for the viral genome, capsid proteins
are expected to exhibit some potential for direct (basic or
other polar amino acid side chains) or indirect (encapsidated
polyamines) interaction with nucleic acid (4). This interac-
tion may be important in nucleation of capsid assembly, but
could also serve a structural purpose in defining the archi-
tecture (i.e., arrangement of subunits) of the capsid (4, 33).
Moreover, a mechanism ensuring selective encapsidation of
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the genomic nucleic acid, and possibly further viral compo-
nents, is required for the formation of replication-competent
viral nucleocapsids.

One very prominent feature in the sequence of the HBV
and other hepadnavirus core proteins is the presence of an
extremely basic, Arg-rich region comprising the C-terminal
part of the protein. On the basis of its unusual composition,
this sequence has been postulated to possess nucleic acid-
binding capability. The sequence, in fact, contains several
copies of the motif SPRR, which is also found in some
histone proteins (35), where it appears to provide a rather
tight binding to nucleic acid.

To investigate the influence of this region on capsid
assembly without any perturbation by foreign sequences
fused to the core protein (18, 19), we constructed mutant C
genes encoding solely HBV core protein-derived sequences.
All of the variant genes were well expressed in E. coli;
therefore, we could analyze the proteins for their capability
to self assemble and could compare the stability and nucleic
acid contents of the particles formed by the variant proteins
with those from the full-length protein.

Our data show that (i) the C terminus of the HBV core
protein from amino acid 144 on, and therefore the entire
Arg-rich region, is dispensable for core assembly, whereas
truncations beyond amino acid 140 are not tolerated; (ii) the
presence or absence of the Arg-rich tail does not markedly
influence the electrophoretic mobility of the particles; (iii)
the bulk of nucleic acid binding in E. coli, i.e., in the absence
of the correct genomic RNA and HBV P-gene products, is
correlated with the presence of at least part of the highly
basic C terminus; (iv) the packaged nucleic acid is RNA,
ranging from about 100 to 3,000 nt in length (in packaging,
the full-length core protein seems to exhibit some selectivity
for its own mRNA); (v) particles formed by core protein
variants completely lacking the basic C terminus still contain
nucleic acid, although the level is about 20-fold lower than in
particles from full-length protein or variant 164; and (vi)
particle stability correlates with the presence or absence of
the Arg-rich region and with the nucleic acid content of the
particle.

Primary sequence requirements for assembly: structural
implications. The results described above indicate that the
assembly capability of the HBV core protein resides in its
first 140 to 144 amino acids (the shaded area in Fig. 1B); that
is, all the structural elements required for productive inter-
subunit contacts in the complete particle are provided by this
sequence, and the entire basic C-terminal tail is dispensable.
A structural feature important for correct monomer folding
and/or stable intersubunit contacts is apparently present
between amino acids 140 and 144. The further truncated core
protein variants may still have some potential for assembly,
since on sucrose density gradients they exhibited a fast-
sedimenting HBcAg reactive peak, in addition to the bulk of
protein sedimenting at low velocity. However, owing to the
small amount of material and the presence of excess protein-
aceous contaminants, this could not be substantiated by
electron-microscopic observation.

As will be separately described (von Bonsdorff et al.,
unpublished), all stable particles showed clear T = 3 sym-
metry; that is, like particles from the wild-type core protein,
they consist of 180 subunits. This contrasts markedly with
many RNA plant virus capsids of known structure, which
commonly have a basic N-terminal sequence that appears to
be essential for assembly into the higher-order 180-subunit
structure; enzymatic removal of this sequence yields trun-
cated proteins forming empty T = 1 shells. That the presence
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of the basic terminus in the HBV core protein leads to
encapsidation of markedly more RNA allows us to infer that,
regardless of binding specificity, a substantial part of this
sequence is available in the inside of the particle. Proteolysis
data (3, 8; our unpublished data) suggest that part of the
sequence between amino acids 140 and 150 might be exposed
on the particle surface; this implies that the rest of the C
terminus must be threaded from the outside to the inside of
the particle in a way that does not interfere with the packing
of subunits. However, it might impose a slight structural
change on the particle which could be responsible for the
differing antigenicities observed for cores from full-length
protein or variant 164 (high HBc antigenicity; low HBe
antigenicity) and the further truncated variants (high HBc
and HBe antigenicity) as observed in this study and (for
truncated C-terminal fusion proteins) by others (18). We
cannot exclude, however, that the observed HBe antigenic-
ity is due to the presence of incomplete particles or even
smaller intermediates, since the particles from variants 144
and 149 appeared inherently unstable.

If there is a structural difference between assembled
particles of the longer and shorter core proteins, it does not
seem to be dramatic, as indicated by our finding that all
stable particles exhibited almost identical electrophoretic
mobility. Mobility in agarose gel electrophoresis is, under
otherwise identical conditions, a function of particle radius
and surface charge (31, 32). Since the radii of the particles
are very similar (von Bonsdorff et al., unpublished), surface
charge should not be dramatically different; basically, the
same surface residues seem to be exposed to the solvent in
particles from full-length and truncated core protein sub-
units. If the Arg-rich region were located at the particle
surface, it would be expected to have drastic influence on
surface charge and, therefore, on electrophoretic mobility.

The loss of assembly capability occurring after removal of
the amino acids between positions 139 and 144 is compatible,
in terms of overall size requirements, with the recently
postulated model for the folding of the core protein (1),
which predicts a similar eight-stranded B-barrel structure as
the one commonly found for RNA virus capsid proteins.
There, the minimal length for correct folding into such a
structure is estimated to be about 150 amino acid residues
(26). For exhibiting full HBe antigenicity, amino acid resi-
dues from the N-terminal region as well as from around
position 138 are required (28), suggesting that this sequence
(Fig. 1B, shaded area) is sufficient for folding of the peptide
chain into a stable, tightly folded domain. HBcAg and
HBeAg differ in structure, as shown by their distinct antige-
nicities; however, they may share a similarly folded core
with identical structure elements. It seems likely, therefore,
that in the nonassembling variants 138 and 139, a structural
element of importance in intersubunit contacts in the particle
rather than in folding of the protein monomer is lacking. We
have no direct evidence, however, whether these variant
proteins can fold properly.

Variants 144 and 149 efficiently assembled into particles
under the conditions in the overexpressing E. coli cell. This
indicates that the apparent assembly deficiency of authentic
pl7e-HBeAg (consisting of amino acids —10 to 149) cannot
be solely due to the lack of the Arg-rich region. Alternative
explanations have to be invoked which might include an
inhibitory influence of the —10 to —1 peptide remaining after
cleavage of the first 19 amino acids of the pre-C region (8);
more probably, however, the effect is related to the different
biosynthetic pathways of HBcAg and HBeAg.

Functional role of the Arg-rich C terminus. As shown
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above, the basic C terminus of the core protein is not
required for correct assembly of HBV capsids; however,
much more RNA is encapsidated if this sequence is present,
confirming the expected affinity of the poly-Arg region for
nucleic acid.

Our data suggest that in addition to selectivity for RNA
over DNA, at least the full-length protein encapsidates its
own mRNA better than other, cellular RN As. Although one
tends to overestimate the proportion of a single band within
a smear of numerous less prominent bands, this seems to
indicate a certain degree of specific recognition between the
core protein and HBV-related RNA. Similar observations
have been made by others (V. Bruss and W. H. Gerlich,
personal communication). On the other hand, no evidence
for packaging selectivity has been obtained so far from a
corresponding analysis of the RNA contained in duck hep-
atitis B virus core particles expressed in E. coli (R. Lenhoff,
P. Smith, M. Yu, and J. Summers, personal communica-
tion). The available literature contains conflicting reports
about whether nucleic acid binding by the core protein
occurs in a sequence-specific manner. Our data may, at first
glance, support the idea that during assembly of a replica-
tion-competent core particle in an infected hepatocyte, the
correct (i.e., genomic) RNA is encapsidated by sequence-
specific recognition of this RNA by the core protein. Recent
data from this laboratory on RNA packaging into HBV core
particles in animal cells, however, do not support the notion
that the apparent packaging selectivity observed in E. coli is
due to a direct sequence specific recognition process be-
tween core protein and HBV RNA. First, the HBV P gene
product(s) appears to be essential for efficient packaging of
the genomic RNA (R. Bartenschlager and H. Schaller,
(submitted for publication); the P gene is, however, absent in
our heterologous expression system. Second, an essential
part of the major cis-acting element on the genomic RNA
mediating correct packaging (i.e., the packaging signal)
resides in the pre-C region (M. Niepmann, R. Barten-
schlager, and H. Schaller, submitted for publication), which
is again absent from the constructs used for expression in E.
coli.

How then, in the E. coli expression system, could the core
mRNA be found enriched in the core particles? Although we
cannot exclude a contribution of sequences present in the
C-gene mRNA, we favor the model that utilizing the general,
unspecific affinity of the core protein for nucleic acid in a
cotranslational or cis-acting manner would also lead to
preferential encapsidation of the core mRNA: during or after
emergence of the protein chain from the translating ribo-
some, this RNA would be one of the spatially closest nucleic
acids for the core protein to bind to. Completion of capsids
around such a core protein-RNA nucleation complex would
then be driven by the relatively high concentration of core
protein in the overexpressing E. coli cell. Considering that
during natural HBV infection the core protein is likely to be
translated from the genomic RNA, a similar cis-acting pro-
cess could contribute in vivo to efficient assembly of repli-
cation-competent capsids by increasing the local concentra-
tion of core protein subunits at the correct site of assembly,
i.e., around the genomic RNA.

Although some of these interpretations regarding the
assembly process are speculative, it is clear from our results
that the Arg-rich C terminus of the core protein plays a
crucial role in providing the high stability to the HBY/ core
particle that was noticed earlier (18). The high stability of
particles from full-length protein or, to some lesser extent,
from variant 164, is lost after removal of the C-terminal basic
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amino acid residues, and it parallels the much lower contents
of nucleic acid in the latter particles. We therefore conclude
that in addition to protein-protein interactions, those be-
tween protein and nucleic acid contribute importantly to the
remarkable stability of the HBV capsid. This raises the
question of how, in natural infection, such a stable capsid
could disassemble and uncoat the viral genome. In view of
the data presented above, a modification eliminating, or at
least lowering, the affinity of the core protein for nucleic acid
should be one important component in the uncoating mech-
anism. One obvious candidate for such modification would
be phosphorylation; not only do authentic core particles
carry an associated Kinase activity able to phosphorylate Ser
residues in the C-terminal region of the protein (9), but also
phosphorylation seems to interfere with DNA binding of
proteins containing the same SPRR motif that occurs in the
mammalian hepadnavirus core proteins (35).

Implications for assembly of replication-competent HBV
nucleocapsids. As outlined above, the E. coli expression
system lacks several of the components essential for the
formation of a replication-competent HBV nucleocapsid, but
it still allows us to draw a number of conclusions regarding
assembly in vivo. The most obvious difference from the
authentic situation, in addition to the lack of the genomic
RNA and P-gene product(s), is the high concentration of
core protein in the overexpressing E. coli cell. Since 180
subunits of the core protein must come together to form the
complete core particle, high concentrations will drive the
process in the direction of the assembled capsid. Therefore,
we are confident that the border for assembly we have
mapped to the amino acids between residues 139 and 144
reflects a real limit inherent to the properties of this se-
quence. This domain must provide the principal protein-
protein interactions which hold together the capsid. The
reported existence of empty core particles in preparations
from human liver (11, 27) suggests that assembly based on
protein-protein interactions alone also occurs in infected
hepatocytes, but its efficiency would be expected to depend
on the actual concentration of core protein in the cell.

Adding to the capsid-forming domain, the Arg-rich C-
terminal tail as a general nucleic acid-binding region could,
in the presence of a suitable nucleic acid, drive the equilib-
rium between separate intermediates and assembled cores to
the side of the particles: enhanced particle stability corre-
lates with nucleic acid content of the core and is most
probably due to cooperativity between protein-protein and
protein-nucleic acid interactions. Furthermore, the affinity
of the protein for nucleic acid will enhance its local concen-
tration and thereby promote assembly. If binding of the core
protein to the nucleic acid is cotranslationally controlled, it
may also contribute to packaging specificity.

For an HBV capsid to be replication competent, however,
it must also encapsidate the viral P-gene product(s). To
prevent exclusion of this essential component, assembly
based on interactions between core protein subunits alone,
or core protein and RNA, as seen in the overexpressing E.
coli cell, should not proceed with the same efficiency in an
HBV-infected hepatocyte. Considering the apparent require-
ment for P-gene product(s) in packaging the genomic RNA in
animal cells, the formation of a binary (genomic RNA plus
P-gene product[s]) or ternary (genomic RNA plus P-gene
product[s] plus core protein) assembly-nucleation complex
offers the most likely explanation, if this complex has a
higher affinity for additional core protein subunits than do
any of the P-gene product-independent assembly intermedi-
ates. Together with stringent regulation of the concentra-
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tions of all reaction components in the HBV-infected cell,
this would allow for the economic production of complete,
replication-competent viral nucleocapsids.

As the manuscript was being completed, an independent
study was reported which, by using one core protein variant
containing short stretches of foreign sequence at its N
terminus and at its engineered C terminus at amino acid
position 144, also arrived at the conclusion that the first 144
amino acids are sufficient for assembly (6). Whereas nucleic
acid binding was analyzed by blotting techniques, no data
were presented on the amount or nature of nucleic acid
encapsidated in the particles.
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